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Abstract: In this paper, a novel micro multi-physic fields coupling method (³Micro-FAST´ for 
short) is developed for the fabrication of micro gear with 316L stainless steel powders and pure 
copper powders. The effect of electric current magnitude on the particle deformation in 
sintering process of 316L stainless steel and pure copper systems was studied respectively. It 
was shown that the calefactive period which plays a key role for densification of powder system. 
A notable feature of the densification process is plastic deformation of particles which is due to 
electroplastic effect. With the increasing of electric current, the deformation amount of particles 
is bigger which result in the increase of axial reduction, and concequently improving the 
densification of samples. 
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䟷⭘㓟ᓖ 99.9%Ⲵ 316Lн䬸䫒㊹ᵛ઼㓟ᓖ 99.0%Ⲵ䘈৏㓟䬌㊹є⿽㊹ᵛˈ࠶࡛ࡦ༷喯亦ശ
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ᇎ傼⭘䇮༷Ѫ Gleeble-1500D✝⁑ᤏᵪ ⭡ˈ࣐✝㌫㔏ǃ࣐࣋㌫㔏ԕ৺䇑㇇ᵪ᧗ࡦ㌫㔏 3བྷ䜘
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മ 1 Micro-FASTᢰᵟⲴᡀᖒ৏⨶മ 
Fig.1 Schematic of Gleeble-1500D apparatus and principles of Micro-FAST 
 
ᇎ傼ᰦˈ俆ݸሶ␧ਸ൷रⲴ䠁኎㊹ᵛ〠䟿ਾ㻵ປҾ⁑ާѝˈ❦ਾ൘亴䇮ॷ⑙䙏ᓖǃ✗㔃ⵏ
オᓖı10-2 PaⲴᶑԦлሩ㻵ᴹ䠁኎㊹ᵛⲴ⁑ާⴤ᧕䙊⭥䘋㹼ᙕ䙏࣐✝ˈ਼ᰦ൘⁑ާєㄟᯭԕ⴨
ᓄⲴ֌⭘࣋ˈᖃ࣐✝ࡠ 200 ćᰦሩ㊹ᵛփ㌫䘋㹼؍⑙ˈ❦ਾ൘⭥൪઼࣋൪Ⲵᤱ㔝֌⭘лԕ਼а
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ᯝ⭥オߧ㠣ᇔ⑙Ǆާփᐕ㢪৲ᮠྲ㺘 1ᡰ⽪Ǆ 
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㺞 1 ᇔ僂ᡶ䟽⭞Ⲻᐛ㢰৸ᮦ 
Table1 Processing parameters of the experiment 
Material/ 
Sample 
Heating 
Rate 
(Ԩ/s) Sintering Temperature (Ԩ) Pressure (MPa) Holding Time at 200Ԩ (min) 
Holding 
Time at 
the End 
(min) 
Number of 
the heating 
cycle* 
316L-1# 50 900 250 2 4 ² 
316L-2# 100 900 250 2 4 ² 
Cu-1# 50 600 100 0.5 ² 3 
Cu-2# 100 600 100 0.5 ² 3 
* A heating cycle is defined as a cycle during which the temperature rises to the maximum value and 
then drops to about 400 qC  
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(a) 316Lн䬸䫒            (b) 㓟 Cu 
മ 2 ᇎ傼ᡰࡦ༷Ⲵᗞර喯䖞 
Fig.2 Fabricated 316L and copper micro-gears 
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㋂䰤⭼䶒⟄ਸ䱦⇥(III)ǃ儈⑙㹅ਈ䱦⇥(IV)Ǆ 
 
(I) ൘✗㔃ࡍᵏ˄Ӿᇔ⑙~200 ćᐖਣ˅ˈ ⭡Ҿᶮ㻵൘⁑ާѝⲴ㊹ᵛ൘ཆ࣋Ⲵ֌⭘л㻛ⷜ䰤঻
ᇎˈᡰԕ䖤ੁቪረ߿ሿ䟿䗵䙏໎བྷˈ↔䱦⇥Ѫ亴✗㔃䱦⇥Ǆ 
(II) ⭡Ҿ൘✗㔃ࡍᵏˈ㊹ᵛ仇㋂䰤Ⲵᆄ䳉઼⁑ާѝ↻⮉ᴹ䜘࠶≄փˈሬ㠤✝⁑ᤏᵪⲴⵏオ
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ቪረਈॆ䟿ᴢ㓯ਁ⭏ҶҼ⅑ケਈˈቪረ߿ሿ䟿᰾ᱮ໎བྷǄ 
 
 
(a) 316L-1 
 
(b) Cu-2# 
മ 3 䈅ṧ✗㔃䗷〻ѝⲴ⑙ᓖ઼䖤ੁቪረਈॆ䟿оᰦ䰤Ⲵᴢ㓯 
Fig.3 The temperature and axial reduction of the micro gear as a function of time 
 
(IV) ᖃ⑙ᓖ䗮ࡠ亴䇮⑙ᓖᰦˈሩ 316L㊹ᵛ✗㔃փ䘋㹼 4 minⲴ؍⑙ˈྲമ 3˄a˅ᡰ⽪ˈ
൘䈕؍⑙䱦⇥ˈ⭡Ҿཆ࣋Ⲵᤱ㔝֌⭘׳֯仇㋂䰤⭏ᡀⲴ⏢⴨ੁഋઘ㹅ࣘˈԕປݵ仇㋂䰤Ⲵ↻։
ᆄ⍎ ᡰˈԕ൘䈕䱦⇥㊹ᵛփⲴ䖤ੁቪረ߿ሿ䟿㔗㔝໎བྷˈᴰ ਾ䎻Ҿᒣ㕃Ǆሩ Cu㊹ᵛ✗㔃փ൘ਾ
㔝䱦⇥ࡉ䘋㹼Ⲵᱟ⭥✝ߢࠫˈྲമ 3˄b˅ᡰ⽪ˈ⭥✝ߢࠫᐕ㢪᧚ᯭਟԕሩ㊹ᵛփ㌫䘋㹼ཊ⅑བྷ
⭥⍱࣐✝ˈ׳䘋⏢⴨Ⲵ㹅ࣘݵ࠶ປݵ仇㋂䰤Ⲵ↻։ᆄ⍎ ⭡ˈҾ Cu㊹ᵛ仇㋂Ⲵກᙗ䖳ྭ ൘ˈॷ⑙
䱦⇥仇㋂Ⲵກᙗਈᖒ䟿䖳བྷˈ㊹ᵛ✗㔃փѝⲴ↻։ᆄ⍎䖳ቁˈᡰԕ൘ਾ㔝Ⲵ✝ߢࠫ䱦⇥㊹ᵛփ
㌫Ⲵ䖤ੁቪረ߿ሿ䟿䖳ሿˈᴰਾ䎻Ҿᒣ㕃Ǆ 
 
Ӿԕкᮠᦞ⢩ᖱਟԕⴻࠪˈMicro-FASTⲴॷ⑙䗷〻ᱟ㊹ᵛփ㌫ᇎ⧠㠤ᇶॆⲴѫ㾱䗷〻ˈ൘
ᮠॱ。Ⲵॷ⑙䗷〻ѝ㊹ᵛփ㌫㺘⧠ࠪⲴᱮ㪇⢩ᖱᱟ仇㋂Ⲵກᙗਈᖒ઼仇㋂Ⲵ⢙ᘱ䖜ਈ˄仇㋂䰤
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ᵛփ㌫Ⲵ⭥⍱བྷሿˈᒦ䝽ਸ䈳㢲䗃ࠪ⭥঻ˈᡰԕ⭥⍱བྷሿᰒᴽ࣑Ҿॷ⑙䙏ᓖ઼✗㔃⑙ᓖ৸৽䗷
ᶕ㻛䈳㢲઼᧗ࡦˈ⭥⍱བྷሿ઼⑙ᓖѻ䰤ᆈ൘⵰ᕪ⛸Ⲵ㙖ਸ֌⭘Ǆ⭡❖㙣-ᾎ⅑ᇊᖻˈ⭥⍱䙊䗷䈅
ṧᰦӗ⭏Ⲵ✝䟿 Q[11]˖ 
2Q I Rt                             ˄1˅ 
ᔿѝ Q˖-⭥⍱䙊䗷䈅ṧӗ⭏Ⲵ✝䟿 I˗-䙊䗷䈅ṧⲴ⭥⍱བྷሿ R˗-䈅ṧⲴ⭥䱫٬ t˗-䙊⭥ᰦ䰤Ǆ 
ࡉ˄1˅ᔿ㺘⽪䙊䗷䈅ṧⲴ✝⍱ᇶᓖ q˖ 
Q dTq CL
At dt
U                      ˄2˅ 
ণ qןdT/dtǄ 
ަѝ˖A-䈅ṧ⁚ᡚ䶒〟˗ȡ-䈅ṧⲴᇶᓖ˗C-䈅ṧⲴ∄✝ᇩ˗L-䈅ṧ䮯ᓖ˗dT/dt-䈅ṧⲴ亴䇮
ॷ⑙䙏ᓖǄ 
⭡ᔿ˄2˅ਟ⸕ˈॷ⑙䙏ᓖ䎺བྷˈ㊹ᵛփ㌫㧧ᗇⲴ✝⍱ᇶᓖ䎺བྷǄ 
৸ഐѪ Gleeble-1500D ✝-࣋ᆖ⁑ᤏᵪ䗃ࠪⲴ⭥⍱བྷሿᱟṩᦞ亴䇮ॷ⑙䙏ᓖᶕ᧗ࡦⲴˈф┑
䏣лᔿ˖ 
I C dT
A dt
U
V 
                        ˄3˅ 
 
ഐ↔ˈ䲿⵰䈅ṧ亴䇮ॷ⑙䙏ᓖⲴॷ儈ˈ䙊䗷঻ඟⲴ⭥⍱໎བྷǄ 
 
316Lн䬸䫒ᗞර喯䖞䈅ṧⲴᱮᗞ㓴㓷➗⡷ྲമ 4ᡰ⽪ˈӾമѝ᰾ᱮⴻࠪˈ✗㔃փⲴ㠤ᇶᓖ
ᙫփՈ㢟ˈ316L㊹ᵛ仇㋂൘й൪Ⲵ㙖ਸ֌⭘лਁ⭏Ҷກᙗਈᖒˈ仇㋂о仇㋂ѻ䰤㔃ਸ㍗ᇶˈ仇
㋂䰤⭼䶒ਁ⭏Ҷаᇊ〻ᓖⲴ⟄䀓Ǆ਼ᰦн䳮ⴻࠪˈ䲿⵰ॷ⑙䙏ᓖⲴᨀ儈ˈণ䙊䗷㊹ᵛփ㌫Ⲵ⭥
⍱䎺བྷˈ仇㋂ਁ⭏ກᙗਈᖒ䟿䎺བྷˈ仇㋂о仇㋂ѻ䰤ཱྀਸᓖ䎺ྭˈྲമ 4˄b˅ѝⲴ B༴仇㋂䰤
Ⲵᆄ䳉᰾ᱮ∄മ 4˄a˅ѝⲴ A༴ᆄ䳉ሿˈӾ㘼ᗇࠪབྷ⭥⍱㜭׳䘋㊹ᵛ仇㋂Ⲵກᙗਈᖒˈᨀ儈ਈ
ᖒ䟿Ǆഐ↔㊹ᵛ仇㋂䰤᧕䀖䶒〟䎺བྷˈ䙊䗷仇㋂䰤Ⲵ⭥⍱ᇶᓖ䎺བྷˈᖃተ䜘⑙ᓖ䎵䗷䠁኎仇㋂
Ⲵ⟄⛩ᰦˈ仇㋂о仇㋂Ⲵ⭼䶒ࠪ⧠⏢⴨ˈ㠤֯⭼䶒䜘࠶⟄䀓ˈ֯⤜・Ⲵ㊹ᵛ仇㋂ᖒᡀ䘎㔝փˈ
Ӿമ 4ਟԕⴻࠪˈབྷ⭥⍱лⲴ 316L-2#䈅ṧ仇㋂䰤⭼䶒Ⲵ⟄䀓ᓖ∄ 316L-1#䈅ṧⲴ儈ˈӾ㘼䘋а
↕䇱ᇎ仇㋂ਈᖒ䟿Ⲵབྷሿሩ㊹ᵛփ㌫ᇎ⧠㠤ᇶॆᖡ૽ᱮ㪇ˈབྷ⭥⍱лⲴ✗㔃ᴤ㜭ᨀ儈仇㋂Ⲵਈ
ᖒ䟿Ǆ 
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(a) ॷ⑙䙏ᓖѪ 50ć/s 
 
(b) ॷ⑙䙏ᓖѪ 100ć/s 
മ 4 316Lн䬸䫒ᗞර喯䖞䈅ṧⲴ SEM➗⡷ 
Fig.4 SEM micrographs of the formed micro 316L samples 
 
(a) ॷ⑙䙏ᓖѪ 50ć/s  
 
(b) ॷ⑙䙏ᓖѪ 100ć/s 
മ 5 ᗞර Cu喯䖞䈅ṧⲴ SEM➗⡷ 
Fig.5 SEM micrographs of the formed micro copper samples 
 
Ӿമ 5ᗞර Cu喯䖞䈅ṧⲴᱮᗞ㓴㓷➗⡷ਟԕⴻࡠо 316Lн䬸䫒✗㔃਼ṧⲴ㿴ᖻ˖ᖃ⭥⍱
䎺བྷˈCu仇㋂Ⲵਈᖒ䟿ᴤབྷˈᆄ䳉ᓖ䎺ሿˈ仇㋂䰤ᖒᡀⲴ⏢⴨䟿ҏ䎺ཊˈሬ㠤仇㋂䰤⭼䶒Ⲵ⟄
䀓ᓖҏ䎺བྷǄ 
 
(a) 316L 
7 
 
(b) Cu 
മ 6 䈅ṧॷ⑙䗷〻Ⲵ䖤ੁቪረਈॆ䟿оᰦ䰤Ⲵᴢ㓯 
Fig.6 The axial reduction of the micro sample as a function of time during heating process 
 
һᇎкˈӾമ 6䈅ṧॷ⑙䗷〻Ⲵ䖤ੁቪረਈॆ䟿оᰦ䰤Ⲵᴢ㓯ਟԕⴻࠪˈᮤњॷ⑙䗷〻ѝˈ
316L-1#䈅ṧⲴቪረ߿ሿ䟿㓖Ѫ 0.183 mmˈ316L-2#䈅ṧⲴቪረ߿ሿ䟿㓖Ѫ 0.211 mm˗Cu-1#䈅
ṧⲴቪረ߿ሿ䟿㓖Ѫ 0.619 mmˈCu-2#䈅ṧⲴቪረ߿ሿ䟿㓖Ѫ 0.804 mmǄቭ㇑㊹ᵛ仇㋂Ⲵ⿽㊫
н਼ˈ仇㋂ᵜ䓛Ⲵກᙗн਼ˈնᱟӾᇎ傼㔃᷌ᶕⴻˈབྷ⭥⍱л㊹ᵛփ㌫Ⲵ䖤ੁቪረ߿ሿ䟿൷བྷ
Ҿሿ⭥⍱ˈӾ㘼䘋а↕傼䇱Ҷ⭥⍱བྷሿሩ仇㋂ກᙗਈᖒᖡ૽ᱮ㪇ˈབྷ⭥⍱ᴤ㜭׳֯䠁኎仇㋂Ⲵ
ກᙗਈᖒǄ 
 
㺞 2 䈋ṭⲺ⴮ሯᇼᓜ 
Table 2 Relative density of samples 
Material-Sample Relative density % 
316L-1# 91.50 
316L-2# 95.80 
Cu-1# 95.20 
Cu-2# 96.30 
Ӿ㺘 2 ਴䈅ṧⲴ⴨ሩᇶᓖਟԕⴻࠪˈབྷ⭥⍱лˈ㊹ᵛ仇㋂ਈᖒ䟿䎺བྷˈᴰ㓸䈅ṧⲴ⴨ሩᇶ
ᓖ䖳儈ˈণ仇㋂ਈᖒ䟿ⴤ᧕ᖡ૽⵰䈅ṧⲴ䍘䟿Ǆ 
 
2.3  ⭫⍷ሯ仍㋈਎ᖘⲺᵰ⨼ᙝ࠼᷆ 
൘ᇎ傼ᮠᦞ઼⨶䇪࠶᷀Ⲵส⹰кᔪ・Ҷ仇㋂ਈᖒⲴࠐօ⁑රˈྲമ 9 ᡰ⽪Ǆമѝ␵ᾊൠᱮ
⽪Ҷ⭥൪ǃ⑙ᓖ൪઼࣋൪ሩ㊹ᵛ仇㋂ਁ⭏ກᙗਈᖒⲴ֌⭘ᵪ⨶ˈቔަᱟ⭥൪ሩ仇㋂ਈᖒⲴ䍑⥞Ǆ
൘✗㔃Ⲵ䗷〻ѝˈ仇㋂⭡Ҿ㠚䓛Ⲵ⭥䱫ӗ⭏❖㙣✝ˈ㠤֯仇㋂㺘䶒⑙ᓖॷ儈ˈ਼ᰦ൘ཆ࣋Ⲵ֌
⭘лˈ仇㋂䰤Ⲵ᧕䀖⣦ᘱӾ⛩᧕䀖ࡠ㓯᧕䀖ˈ⭡Ҿ仇㋂䰤᧕䀖⭥䱫ӗ⭏Ⲵ❖㙣✝㠤֯ተ䜘儈⑙ˈ
ᴰਾ仇㋂ਁ⭏ກᙗਈᖒਾণѪ䶒᧕䀖Ǆ䘉ᱟഐѪਇ⭥ກᙗ᭸ᓄⲴᖡ૽ ㊹ˈᵛ仇㋂൘䘀ࣘ⭥ᆀ˄ ቔ
ަᱟӔ⍱⭥˅֌⭘лˈਈᖒᣇ࣋ᙕࢗл䱽ˈກᙗ㜭ᗇࡠ᰾ᱮⲴᨀ儈Ǆ਼ᰦ Hans ConradㅹӪ[12-14]
㓿⹄ウਁ⧠ˈ൘ᇔ⑙лˈᖃ⭥൪ᕪᓖ䗮ࡠ 1 kV/cm৺ԕкᰦ㜭ᱮ㪇߿ቁ䠁኎Ⲵᯝ㻲ᓄ࣋ˈᨀ儈
ກᙗ⍱ࣘ㜭࣋˗↔ཆˈ൘аᇊ⑙ᓖлˈ⭥൪䘈㜭བྷᑵᓖ߿ቁ⍱ࣘᓄ࣋ˈ䱽վ㜶ᙗੁ丗ᙗ䖜ਈⲴ
⑙ᓖˈ䘋㘼ᨀ儈䠁኎Ⲵᯝ㻲ᔦը⦷Ǆ 
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മ 9 ཊ⢙⨶൪㙖ਸ֌⭘л仇㋂ਈᖒⲴࠐօ⁑ර 
Fig.9 The theoretical principle of particles deformation under the action of the coupled multi-physical 
fields 
 
ᡰԕˈᵜᇎ傼൘䖳վⲴ⑙ᓖᶑԦлˈ࣋൪઼⭥൪Ⲵ⴨ӂ㙖ਸ֌⭘㜭൘ᮠ。޵֯䠁኎仇㋂ਁ
⭏ກᙗਈᖒˈᒦф֯仇㋂о仇㋂Ⲵ⭼䶒ᇎ⧠㍗ᇶཱྀਸˈሩ㊹ᵛփ㌫ᴰ㓸ᇎ⧠㠤ᇶॆⲴ䍑⥞䟿ᐘ
བྷǄ 
 
3 㔉䇰 
 
1) 䟷⭘ཊ⢙⨶൪㙖ਸ㊹ᵛᗞᡀᖒⲴᯩ⌅ࡦ༷ᗞර䴦Ԧާᴹਟ㹼ᙗǄᵜᇎ傼ᶑԦлˈᡀ࣏ࡦ
༷Ҷ 316Lн䬸䫒઼㓟 Cuᗞර喯䖞ˈ䈅ṧ䍘䟿Ո㢟Ǆ䈕ᗞᡀᖒᯩ⌅ާᴹᘛ䙏ǃ儈᭸ǃ㢲㜭⧟؍
ㅹ⢩⛩Ǆ 
2) 䈕ᗞᡀᖒᯩ⌅Ⲵॷ⑙䗷〻ᱟ㊹ᵛփ㌫ᇎ⧠㠤ᇶॆⲴѫ㾱䗷〻ˈ൘ᮠॱ。Ⲵॷ⑙䗷〻ѝ㊹
ᵛփ㌫㺘⧠ࠪⲴᱮ㪇⢩ᖱᱟ仇㋂Ⲵກᙗਈᖒ઼仇㋂Ⲵ⢙ᘱ䖜ਈ˄仇㋂䰤⏢⴨Ⲵ⭏ᡀ˅ˈ 㘼仇㋂Ⲵ
ກᙗਈᖒᱟ仇㋂⢙ᘱ䖜ਈⲴࡽᨀᶑԦ઼ޣ䭞䱦⇥Ǆ 
3) ⭥⍱བྷሿሩ仇㋂Ⲵກᙗਈᖒᖡ૽ᱮ㪇ˈণ䲿⭥⍱໎བྷˈॷ⑙䗷〻ѝ㊹ᵛփ㌫Ⲵ䖤ੁቪረ
߿ሿ䟿䎺བྷˈ316Lᗞ䈅ṧ൘ሿ⭥⍱лቪረ߿ሿ䟿㓖Ѫ 0.183 mmˈབྷ⭥⍱л㓖Ѫ 0.211 mm˗Cu
ᗞ䈅ṧ൘ሿ⭥⍱лቪረ߿ሿ䟿㓖Ѫ 0.619 mmˈབྷ⭥⍱л㓖Ѫ 0.804 mmǄ 
4) 䲿⭥⍱໎བྷˈ仇㋂Ⲵਈᖒ䟿䎺བྷˈփ㌫ᴤ᱃ᇎ⧠㠤ᇶॆ 3ˈ16Lᗞ喯䖞൘ሿ⭥⍱л⴨ሩᇶ
ᓖѪ91.50% བྷˈ⭥⍱лѪ95.80% C˗uᗞ喯䖞൘ሿ⭥⍱л⴨ሩᇶᓖѪ95.20% བྷˈ⭥⍱лѪ96.30%Ǆ 
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